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1.  INTRODUCTION 


The  purpose  of  this  grant  is  to  build  cancer-specific  contrast  agents  for  photoacoustic  imaging,  using 
which  one  could  estimate  the  change  in  molecular  expression  of  various  breast-cancer-specific  proteins 
undergoing  chemotherapy  treatment.  We’ve  made  significant  progress  towards  obtaining  this  goal:  1)  we 
created  the  first-ever  photoacoustic  imaging  agent  (which  is  based  on  carbon  nanotube  nanoparticle)  and 
showed  it  can  specifically  target  tumors  in  tumor-bearing  mice  (paper  published  in  Nature  Nanotechnology);  2) 
We  created  2  additional  molecular  imaging  agents  for  photoacoustic  imaging  which  exhibit  300-times  higher 
sensitivity  and  for  the  first  allow  imaging  photoacoustic  molecular  probes  at  sub-nanomolar  concentrations 
(paper  submitted  to  Nano  Letters).  We’ve  shown  that  such  sensitivity  improvement  results  in  the  ability  to 
image  smaller  tumors.  Beyond  higher  sensitivity,  the  3  imaging  agents  developed  in  this  grant  thus  far  have 
different  optical  spectra.  We  used  this  fact  and  have  shown  the  ability  to  simultaneously  image  these  agents 
(multiplexing).  This  ability  is  particularly  powerful  and  important  for  this  grant  as  we  plan  to  progress  to 
characterizing  the  response  to  chemotherapy  of  multiple  cancer-specific  proteins  in  the  same  tumor 
simultaneously. 

2.  BODY 

2.1  Creation  of  2  new  Photoacoustic  imaging  agents 

We  have  recently  reported  on  the  conjugation  of  cyclic  Arg-Gly-Asp  (RGD)  peptides  to  pegylated 
SWNTs1  and  their  use  as  photoacoustic  imaging  agents2.  In  order  to  enhance  the  photoacoustic  signal  of  the 
SWNTs,  we  attached  Indocyanine  Green  (ICG)  and  QSY-21  dyes  to  the  surface  of  the  SWNTs  through  pi-pi 
stacking  interactions3  (see  Methods  section  for  more  details).  The  ultra-high  surface  area  of  SWNTs  allows 
highly  efficient  loading  of  aromatic  molecules  such  as  ICG  and  QSY-21  on  the  nanotube  surface.  This  created 
two  new  kinds  of  photoacoustic  agents;  SWNT-ICG  and  SWNT-QSY  (Fig.  la).  The  particles  were  targeted 
using  the  RGD-peptide  to  avP3  integrins,  which  are  over-expressed  in  tumor  vasculature,  while  control 
untargeted  particles  were  synthesized  using  a  non-targeted  peptide,  RAD. 

The  optical  absorbance  spectra  of  the  two  new  particles  suggest  that  710  nm  and  780  nm  are  the 
preferable  wavelengths  for  scanning  SWNT-QSY  and  SWNT-ICG  respectively  (Fig.  1b).  At  their  respective 
absorbance  peaks,  the  SWNT-QSY  and  SWNT-ICG  particles  exhibit  a  17  and  20-fold  higher  absorbance 
respectively  as  compared  with  plain  SWNTs.  Since  blood  absorption  is  significantly  reduced  at  780  nm 
compared  to  710  nm,  SWNT-ICG  was  the  particle  of  choice  for  the  small  animal  experiments  for  this  study. 
Importantly,  the  attachment  of  RGD  or  RAD  peptides  to  SWNT-ICG  had  little  effect  on  the  particles’ 
absorbance.  We  constructed  a  non-absorbing  and  non-scattering  agarose  phantom  with  inclusions  of  SWNT- 
ICG-RGD  at  increasing  concentrations  from  0.5  nM  to  121.5  nM  in  multiples  of  3  (n  =  3  samples  of  each 
concentration).  The  photoacoustic  signal  produced  by  the  SWNT-ICG-RGD  particles  correlated  well  with  the 
nanoparticle  concentration  (R2=0.983)  (Fig.  1c). 
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Figure  1.  Characterization  of  the  dye-enhanced  SWNT.  a,  Illustration  of  SWNT-ICG  and  SWNT-QSY.  ICG 
and  QSY-21  (red  molecules)  are  attached  to  the  SWNT  surface  through  non-covalent  pi-pi  stacking  bonds. 
Polyethylene  glycol-5000  (blue  molecules)  is  conjugated  to  a  targeting  peptide  in  one  end  and  to  the  SWNT 
surface  on  the  other  end  through  phospholipids,  b,  Optical  spectra  of  plain  SWNT  (green),  SWNT-ICG-RGD 
(red),  SWNT-ICG-RAD  (blue)  and  SWNT -QSY-RGD  (black).  The  similarity  of  SWNT-ICG-RAD  and  SWNT- 
ICG-RGD  spectra  suggests  that  the  peptide  conjugation  does  not  notably  perturb  the  photoacoustic  signal,  c, 
The  photoacoustic  signal  produced  by  SWNT-ICG  was  observed  to  be  linearly  dependent  on  the  concentration 
(R2  =  0.9833). 


2.2  Sensitivity  of  the  imaging  agents  in  living  mice 

We  then  tested  the  particle’s  sensitivity  in  living  subjects  by  subcutaneously  injecting  the  lower  back  of 
mice  (n  =  3)  with  30  pi  of  SWNT-ICG-RAD  mixed  with  matrigel  at  increasing  concentrations  of  820  pM  to  200 
nM  in  multiples  of  3.  Matrigel  alone  produced  no  significant  photoacoustic  signal  (data  not  shown).  Upon 
injection,  the  matrigel  solidified,  fixing  the  SWNT-ICG-RAD  in  place  and  three-dimensional  (3D)  ultrasound  and 
photoacoustic  images  of  the  inclusions  were  acquired  (Fig.  2a).  While  the  ultrasound  images  visualized  the 
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mouse  anatomy  (e.g.,  skin  and  inclusion  edges),  the  photoacoustic  images  revealed  the  SWNT-ICG-RAD 
contrast  in  the  mouse.  The  photoacoustic  signal  from  each  inclusion  was  quantified  using  a  three  dimensional 
region  of  interest  (ROI)  drawn  over  the  inclusion.  We  observed  a  linear  correlation  (R2  =  0.97)  between  the 
SWNT-ICG-RAD  concentration  and  the  corresponding  photoacoustic  signal  (Fig.  2b).  Tissue  background 
signal  was  calculated  as  the  average  photoacoustic  signal  in  areas  where  no  contrast  agent  was  injected. 
Extrapolation  of  the  signal-concentration  graph  reveals  that  170  pM  of  SWNT-ICG-RAD  gives  the  equivalent 
photoacoustic  signal  as  the  tissue  background  (i.e.,  signal  to  background  ratio  =  1).  This  value  represents  over 
300-times  improvement  in  sensitivity  compared  to  plain  SWNTs. 


Figure  2.  Photoacoustic  detection  of  SWNT-ICG  in  living  mice,  a,  Mice  were  injected  subcutaneously  with 
SWNT-ICG  at  concentrations  of  0.82-200  nM.  The  images  represent  ultrasound  (gray)  and  photoacoustic 
(green)  vertical  slices  through  the  subcutaneous  injections  (dotted  black  line).  The  skin  is  visualized  in  the 
ultrasound  images,  while  the  photoacoustic  images  show  the  SWNT-ICG  distribution.  The  white  dotted  lines  on 
the  images  illustrate  the  approximate  edges  of  each  inclusion,  b,  The  photoacoustic  signal  from  each  inclusion 
was  calculated  using  3D  regions  of  interest  and  the  .background’  represents  the  endogenous  signal  measured 
from  tissues.  The  error  bars  represent  standard  error  (n  =  3  mice).  Linear  regression  (R2  =  0.97)  of  the 
photoacoustic  signal  curve  estimates  that  a  concentration  of  170  pM  of  SWNT-ICG  will  give  the  equivalent 
background  signal  of  tissues. 
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2.3  Targeting  of  the  imaging  agents  to  tumors 

Finally,  we  tested  the  nanoparticles  targeting  ability  in  living  mice.  Mice  bearing  tumor  xenografts  (150 
mm3  in  size)  were  injected  through  the  tail  vein  (IV)  with  200  pi  of  either  targeted  SWNT-ICG-RGD  or 
untargeted  SWNT-ICG-RAD  particles  (n  =  4  mice  per  group)  at  a  concentration  of  1.2  pM.  We  acquired  3D 
photoacoustic  and  ultrasound  images  of  the  entire  tumor  area  before  and  up  to  4  hours  after  the  injection.  Mice 
injected  with  the  targeted  SWNT-ICG-RGD  particles  show  significantly  higher  photoacoustic  signal  in  the  tumor 
compared  with  the  control  group  (Fig.  3a).  The  ultrasound  images  were  used  for  visualizing  the  boundaries  of 
the  tumor  as  well  as  to  validate  that  no  significant  movement  (beyond  100  pm)  had  occurred  throughout  the 
scan.  While  the  pre-injection  photoacoustic  signal  is  primarily  due  to  the  tumor’s  blood  content,  post-injection 
photoacoustic  signal  consists  of  both  blood  and  SWNT-ICG.  To  subtract  out  the  blood  signal  from  the  images, 
a  subtraction  image  calculated  as  the  2  hour  post-injection  minus  the  pre-injection  image  was  calculated. 
Measurement  of  the  photoacoustic  signal  from  a  3D  ROI  around  the  tumor  (Fig.  3b)  showed  that  the 
photoacoustic  signal  in  the  tumor  was  significantly  higher  in  mice  injected  with  SWNT-ICG-RGD  as  compared 
with  the  control  particles  SWNT-ICG-RAD  (p  <  0.001).  For  example,  at  2  hours  post-injection,  mice  injected 
with  SWNT-ICG-RGD  showed  over  100%  higher  photoacoustic  signal  in  the  tumor  than  mice  injected  with  the 
control  SWNT-ICG-RAD. 
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SWNT-ICG-RAD  SWNT-ICG-RGD 
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post-injection 
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Figure  3.  SWNT-ICG-RGD  tumor  targeting  in  living  mice,  a,  Ultrasound  (gray)  and  photoacoustic  (green) 
images  of  one  vertical  slice  through  the  tumor  (dotted  black  line).  The  ultrasound  images  show  the  skin  and  the 
tumor  boundaries.  Subtraction  photoacoustic  images  were  calculated  as  2  hr  post-injection  minus  pre-injection 
images.  As  can  be  seen  in  the  subtraction  images,  SWNT-ICG-RGD  accumulates  in  higher  amount  in  the 
tumor  as  compared  to  the  control  SWNT-ICG-RAD.  b,  Mice  injected  with  SWNT-ICG-RGD  showed 
significantly  higher  photoacoustic  signal  than  mice  injected  with  the  untargeted  control  SWNT-ICG-RAD  (p  < 
0.001).  The  error  bars  represent  standard  error  (n  =  4  mice) 

2.4  Imaging  the  two  contrast  agents  simultaneously  (Multiplexing) 

Finally,  we  show  that  the  two  kinds  of  photoacoustic  imaging  agents  we  synthesized,  SWNT-ICG  and 
SWNT-QSY  can  be  imaged  simultaneously  due  to  their  unique,  though  overlapping,  absorbance  spectra  (Fig. 
1b).  We  created  an  agarose  gel  phantom  containing  increasing  concentrations  of  SWNT-ICG  and  decreasing 
concentrations  of  SWNT-QSY  (starting  from  100nM:0nM  up  to  0nM:100nM  respectively).  Photoacoustic 
images  of  the  phantom  were  taken  at  wavelengths  of  700,  730,  760,  780,  and  800  nm  and  a  spectral  un-mixing 
algorithm  was  then  used  to  separate  each  particle’s  signal  to  an  individual  image  (Fig.  4). 


SWNT-ICG  ioo  nM 

75  nM 

50  nM 

25  nM 

0  nM 

Figure  5.  Multiplexing  of  SWNT-ICG  with  SWNT-QSY  particles  in  a  phantom.  A  phantom  with  various 
concentrations  of  SWNT-ICG  and  SWNT-QSY  was  scanned  under  the  photoacoustic  instrument  at 
wavelengths  of  700,  730,  760,  780,  and  800  nm.  A  spectral  un-mixing  algorithm  based  on  least-squares  was 
used  to  separate  the  signals  of  SWNT-ICG  particles  (green)  from  SWNT-QSY  particles  (red).  Notice  that  no 
SWNT-QSY  signal  is  seen  in  the  well  with  pure  SWNT-ICG  and  vice  versa,  despite  the  fact  that  the  two 
particles  have  overlapping  spectra. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•  Developed  two  more  photoacoustic  imaging  agents 

•  Characterized  the  particles  and  optimized  them  for  tumor  targeting  upon  intra-venous 
administration  to  tumor-bearing  mice 

•  Optimized  the  imaging  system  to  allow  imaging  the  two  imaging  agents  simultaneously 

REPORTABLE  OUTCOMES 

•  Paper  submitted:  Adam  de  la  Zerda ,  Zhuang  Liu*,  Sunil  Bodapati,  Cristina  Zavaleta,  Omer  Oralkan, 
Hongjie  Dai,  Butrus  T.  Khuri-Yakub,  Sanjiv  S.  Gambhir,  “Enhanced  Carbon  Nanotubes  for 
Photoacoustic  Molecular  Imaging  in  Living  Mice”,  submitted  to  Nature  Photonics  (2009).  (*  equal 
contribution) 

•  Paper  published:  Adam  de  la  Zerda,  Cristina  Zavaleta,  Shay  Keren,  Srikant  Vaithilingam,  Sunil 
Bodapati,  Zhuang  Liu,  Jelena  Levi,  Te-Jen  Ma,  Omer  Oralkan,  Zhen  Cheng,  Xiaoyuan  Chen,  Hongjie 
Dai,  Butrus  T.  Khuri-Yakub,  Sanjiv  S.  Gambhir,  “Photoacoustic  Molecular  Imaging  in  Living  Mice 
Utilizing  Targeted  Carbon  Nanotubes”,  Nature  Nanotechnology,  3,  557-62  (2008). 

Paper  featured  in:  Washington  Post,  US  News,  Forbes,  USA  Today,  KCBS  Radio,  KGO  Radio,  KQED 
Radio,  NCI  Alliance  for  Nanotechnology  in  Cancer  Newspaper,  WECT  TV6,  Yahoo!  News,  Imperial 
Valley  News,  Wave  3,  WGEM  News  and  more. 

•  Abstract  presented:  A.  de  la  Zerda,  Z.  Liu,  S.  Bodapati,  R.  Teed,  C.  Zavaleta,  S.  Vaithilingam,  X. 
Chen,  B.  T.  Khuri-Yakub,  H.  Dai,  S.  S.  Gambhir,  “Ultra  High  Sensitivity  Targeted  Photoacoustic 
Imaging  Agents  for  Cancer  Early  Detection  in  Living  Mice”,  World  Molecular  Imaging  Congress 
(2009) 

•  Abstract  presented:  A.  de  la  Zerda,  Z.  Liu,  C.  Zavaleta,  S.  Bodapati,  R.  Teed,  S. Vaithilingam,  T. 

Ma,  O.  Oralkan,  X.  Chen,  B.  T.  Khuri-Yakub,  H.  Dai,  S.  S.  Gambhir  “Enhanced  Sensitivity  Carbon 
Nanotubes  as  Targeted  Photoacoustic  Molecular  Imaging  Agents”,  Proceedings  of  SPIE  Photonics 
West,  7177-93:3  1-8  (2009). 

Abstract  poster  presentation  was  awarded  the  best  poster  presentation  at  the  Photoacoustic  session 
at  the  conference  -  the  biggest  photoacoustic  conference. 

•  Abstract  presented:  A.  de  la  Zerda,  C.  Zavaleta,  S.  Keren,  S.  Vaithilingam,  S.  Bodapati,  R.  Teed, 

Z.  Liu,  J.  Levi,  B.  R.  Smith,  T.  Ma,  O.  Oralkan,  Z.  Cheng,  X.  Chen,  H.  Dai,  B.  T.  Khuri-Yakub,  S.  S. 
Gambhir,  “Photoacoustic  Molecular  Imaging  using  Single  Walled  Carbon  Nanotubes  in  Living  Mice”, 
Proceedings  of  SPIE  Photonics  West,  7177-78:5  1-12  (2009). 
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CONCLUSION 

The  main  achievement  over  this  past  year  was  the  development  of  2  new  photoacoustic 
imaging  agents  which  allow  reaching  unprecedented  sensitivities.  This  development  will  be  the  basis 
for  measuring  breast  cancer  response  to  chemotherapy  and  will  allow  investigating  biomarkers  which 
weren’t  been  able  to  investigate  before  due  to  insufficient  sensitivity  of  photoacoustic  instruments. 
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whb  man  opiica!  Imaging  1«dmiquul-T.  *». t  many  diseases  do 
noi  e  ith  lb  h  a  nai  uni  phai  m  oousl  i:  can  1  roc  I,  e  spec  ii  I  iy  In  1  he  I  r 
early  stages,  h  Li  necessary  ia  administer  j  pholaacou  ci  Ic 
canin.fi  agent,  A  number  of  coiiine:  age  in  e  for  pholoa  caustic 
Imaging  have  ben  suggested  prevbu tlx*"1*  hut  most  were  not 
shown  la  large  1  a  diseased  she  In  I  King  suhjedt.  He  re  we  f  how 
that  eJ ngl^wj lied  urban  nanenubes  -conjugated  whit  cyclic  .lrg> 
Lily*  Asp  ! RGD;  peptides  can  be  used  : e  a  camru;  agent  for 
p  ho:  ai  caustic  Imaging  of  ium-ours.  Intravenma  admin Iei ration 
of  these  targeted  nanmubes  la  mire  bearing  tumours  showed 
dghl  limes  greater  phot  aa  caustic  signal  In  1  he  tumour  than 
mke  injected  whh  namm^eie  J  nanoi  u  he  s.  These  resu  lts  were 
ie  rifled  ec  t-tvc  using  Raman  11:  icra  s-capy.  Phaiaacousik 
Imaging  of  targeted  s  in  gle^ wailed  carbon  nanolubes  mat-- 
contribute  la  non-dm-oshe  cancer  Imaging  and  monitoring  of 
na n a the  ra panics  In  I  K  ing  subjeas1* 

Rican  n;  we  reported  on  ibe  conjugal  bn  of  cpdic  RGD 
can: lining  peptides  10  sing-wwa  ikd  urban  runa:  jaevT 
I^WST-RGD;  :aai  is  si  abb  in  serum.  Tbs  sing.e-“0_*d  carbon 
nanoiuaes,  which  w  ere  1-2  run.  in  Jumper  an.:  30 -.2  00  nm  in 
engi  n  w  ere  caua.ec  10  iae  RjGD  pep;  ides  1  arouse.  porvahv-e  ne 
gyoobJOOj  graned  phospha lipid  PL-PEG^.,  facie  SIWST- 
RGD  canijga:ef  bind  w-ha  high  a  (finny  10  o.,.^  im^grin,  waidi 
is  over-ekpreEked  in  ltimour  nenrasaui  lire,  and  10  oiaer 
fmegriru  expressed  by  1  amours  bui  with  jower  affinin-11,1*  V.e 
asa  tvm  beimed  non-;  a  rgeied  smg.e^w  a  .'.ed  urban  nanoiubss 
Iitn1  k,  pain  Ein re-wa..:d  carban  nanauaet  by  umjiian; 
iron  ta.^'  yi  P  L  -  P  EGViVi  ,  Pig.  :a.  Our  pnoioacnufiic 
infirumem'-  osed  a  sing.e-e  .emen :  ia:-u±c  :  rantcocer  10  rafter 
scan  ibe  obes  under  Liu  ac  which  woe  Luminaled  inrough  a 
fibre  nea  d  .see  Sib  hods  a  nd  Smppememarv  I  niarma :  ian, 
Si;  In  a  paamom  fiuJ>-  w:  measured  ibe  p'htnoaoaufikc 
Liana,  of  pain  Eing.e^wo :.eJ  caraon  nanoiuaes  and  iV.  K'T- R-Gb 
ai  woveiepgiju  of  -530— *>□  nm  ;FJg  :b,  shone t  wai-ieengllH  me 
j  ee  -desirabe  as  ibe  >iepih  of  peneiroibn  iru-augr.  ibe  liujes  is 
reduced'-  Tnese  poaaajcods: ic  specira  suggeti  ird;  £&J  n m  k 


i  re  preierj'a-e  w  j. ■* :L  beta  use  ibe  p  acncu  co us-  ic  s  1:  na  of  l  re 
ring.:-ua.-j  .urban  nanoiuaes  ie  hjgnan:  a;  Tmi  -a-'Lengir. 
Funhermarei  the  raiia  of  singe ^va .e-d  urban  nanoiuaes  10 
raemag  a'am  Ei.ru  if  aignsr  a:  lais  wai-e.e^gin  wnoi  compared 
wiih  aiher  w*  origins.  Impananiii;  ibe  pboroacousi ic  signa.  of 
Einge-waieJ  carbon  nanoiuaes  waf  found  to  be  murfecied  av 
Lae  RG-D  pepi  ide  uni  jga :  bn.  Tais  li  n  ding  was  va  .idaied  1  rurugr. 
measureme  ms  of  1  as  optica  absorbs  n  ce  of  1  as  two  sipge->  a .  ed 
urban  nanoiuaes  cam.iaa:s*  jses  Supp.ememan-  i nfarira : ian . 
Fig  £2;  In  a  f-eaaraie  narwa'asorriing  and  non-E-UM-aaru 
piumorn  fiudi;  we  a.sa  validated  nrul  in:  pboioacousiiic  signa. 
produced  av  fiijg.e-wa  ..ed  >urbon  nanenubes  ie  in  .mear 
rejiionsmp  -  iih  ireir  c  oncern  raiion  ; Fig  Ic;  win  B*  =  . 

Vi  l  hen  s  ubcina  neoos.r  iniscied  l  as  .ower  ba  cat  of  a  mouse  wiih 
I  J  u.  of  m  iiiures  offingle^waJed  carban  na  no:  u'aes  a  nd  mairige .  a: 
co  men:  ra  na  ns  beiweoi  i3  and  600  .nii  ;n=3  (ot  eadi 
co  men:  raiio  n;  Siairige.  a  one  producef  no  photaa-ooumc  signa . 
data  no;  shewn  Upon  misaion,  ir.s  main:.:.  sa.iJifisd,  min; 
;ae  si ng.e-va ..ed  urbon  nanoiuaes  in  puce  ‘ I" are e-ii m ensi -ruu 
;3D;  uira^aund  and  phcmu>cousi  ic  images  of  the  in:  .usbn  e  were 
laen  acquired  :Fig.  2a  The  iLiasound  images  s:.<rr-eJ  l as  mouse 
onai-amr  ,  for  exump.e,  scin  and  mdusbn  eda.es. ,  and  :ae 
ph n;o ooausi  1:  images  r^eaed  iae  sing. e-wg ..eJ  caraon  runtnubes 
oomrasi  in  l'as  irause  The  phciioaoausi  1:  signa.  from  cadi 
inclusion  wa  e  qua  mi  fled  using  a  3D  region  of  imeresi  drown  over 
iae  im.usion.  1.“.'e  j'rrEer>-eC  a  .mear  -correaiion  ifJ  =  j 
'aeiwioHi  1  a:  sing  wwa  lied  carb  an  nano:  u'aes  oa  men:  ra  ban  a  nd  1  as 
corresponding  piioaoaoousi k  signa  Frg  2b.  ImponanLi,  ibis 
.mear  region  can  on.y  as  sipscicd  m  spsdj.  uses  -  aerc  :as  che 
concsmianon  cast  no;  penurb  ibe  1  issue  .lot  dkiribunon 
signifl-unLV  We  cam  j  dec  ihx  Las  phoioacous±  signa.  produced 
b-.  lissus  e  '  rocjtgrciimd;  was  eiuru  sm  10  Tne  paoitucous:i:  u.ru 
produced  bv  ’O  n  V.  of  sma .e-'-a _ed  u r'r-an  nanoiuaes  .laai  is.  a 
ligna-io-ro  deg  round  rorio  of  This  eiepsrirr.e  ma.  resu.: 
correuies  w*.  win  las  lasorebca.  anaysis  see  iupp.eniemary 
Informal  bn  ,  wbich  predkes  a  'oocsground  signa.  ecui  :a 
7^70 n>^  of  Ein:.:^j ..ed  urbon  nanoiuaes,  -depot ding  on  ms 
a:  a:ian  af  1  ns  nanoi  bass  in  ms  'oo  iy, 
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«#ira  f  Cinne'iisr  of  Tie  sioUsim  usic  s*aeanes  of  913  e*  aj  at 
crri’  iron:#  i  lurraeoi  crans-ge«Aa  sscrom  nrouaa 
(tfansviwr  ittSMfT-PGO  Thapiagon  as  Brmx?»*3eAa  o*ne 
■ng s-Ai  s:  ca-aoi  ttolobs aamacT-ana  XTte-waifies 
The RGB  *ba$  toe  »  03  e*  a  3  e:  arsai  irttjaes  x  Bhax  Samoa  inaptnt 
u  aa.3,  &  The:  Tram  our.  csoacra  cr  0tti«n0*w«as  croon 
-jTr-3Ba'2£WT-=s: '«ff.na  anneccA’  ana  »: ace c* 
kjOj  r:-:  Theeceerai  c.rr  xt-abo'  ce-i  *-c*A3  «:  aroan 
nrajasraSWfr-^jCajQ^esrst-acnasaDar^  ^rai  Boas  xc 
aartro  ne  :xrraccjr ;  nr*  0  The  sxnoaaojrc  syt*  at jojoba 
wi0e<  Atlas  atxr  wtaices  a»  acar/tsva  xrv  aeaeiaars 
on  TTacorroTBorn^-u  SS7 


We  then  missed  two  group*  of  mice  rearing  U87MG 
tumour  xenograft*  -iOdmm1  through  the  tai-vein  IV; 
with  either  203  u_  of  pain  sing.e»i*a..e.t  carbon  runotubes 
•!=-i  or  S\vST-ftGD  *!=-4;  at  a  concentration  of  U  |iV.. 
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R*ire  2  ^tstiMiitotJtKt  r  3!|']«<ai  «t  crson  imatasw  a 
lv(ng  met  1  vca  as*  laces  sjoxtnecwt  b»a«  laser  or 

■axr-ae*  r.  ocxsr-r <r*  a*  5Q-6QQ  ■«  Ormvr.a  t  :s  nme3D 
Tax aoeurc  rraaa.oar'  Aaso.WBdai  necoax-d-iB*  aanne 
jraoix  -O39  0W,'  “heganiavigBei'une  Jrasoj-t  "xa  andxe 
xcraacojrc  me;  a*  roA  rsrc*'**  s:  arson  nnccaae*  The  ones 
ina  an  me  -ages  at*,'  re  at  jss  c'  sar  nougon  a  The  snoxacoarc 
* ra  man  aa:  nouaan  ab acuaeeo  The  ocxoxjuts  s.s  x-atam^ 
e  xjsxxnTi  -naaa.-o3momtJB.a  ’he  mr  at  jrar.w  a  : 
r  nor  (r-  9  The  linar  nayamon  11  oloJaiaS an  tv  flvi  mar  aonomvwaa 
nouRor»i  ^-a  as 


Three-d  imensioru .  u.tra  sound  and  pnotoacoustic  image*  of  the 
tumour  and  it*  surrounding*  were  acquired  before  and  up  to  4  h 
after  mission.  We  found  that  mice  mtseted  with  SWXT-RGD 
showed  a  iiimrian:  increase  of  pnotoacoustic  signa  in  the 
tumour  compared  with  contra  mice  miesed  with  pjm  *ing.e. 
tailed  carbon  nanatube*  Fig  2a  rhe  image*  from  the  different 
time  point*  were  a.igned  with  one  another  u*mg  simple  vertica. 
transation*  to  account  for  smali  vertca.  movement*  in  the 
transducer  positioning  Tnit  a.ignmen:  a..owed  quantification  of 
the  photoaxiustic  *igna.  at  a:,  time  points  using  a  *ing.e  region 
of  imerest  We  then  ca.cuated  a  subtraction  image  between  the 
phatoacousnc  image  tanen  at  4h  post  .in  test  ion  and  the 
pnotoacoustic  image  taxen  oefore  mission  The  subtrasion 
mage  belter  vuua.iae*  the  rea.  distribution  of  the  sing.e»wa..ed 
carbon  nanotube*  a*  it  remcne*.  to  a  urge  extern,  the 
background  *«na.  For  examp. e.  in  the  mouse  missed  with  pain 
singje-wa..ed  carbon  nanotubes  ;Fig  2a  .  a  high  photoacoustic 
*igna  lxsv  produced  by  a  arge  o.ood  ^esse*.  -31  seen  in  the 
pre-mission  and  post -iniect  ion  images  Honker,  the  subtraction 
image  snowed  a  muen  o*er  tuna  from  trut  area,  reflecting 
the  i*ely  fow  concentration  of  pain  tinge-wj.ed  caroon 
na not uoes  there  We  ca. -coated  the  pnotoacoustic  signa.  by 
drawing  a  3D  region  of  imerest  around  tne  tumour  ; tumour 
boundaries  were  dearb  visualized  in  tne  u-tra sound  image*.  The 
pnotoacou*ttc  *tgna.  increase  was  quantified  as  a  funs  ion  of  time 
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Rfira  3  8ig  a-wrad  atr  laieusata'gatttiTia'r  miming  mot 
a  l  raui-Q  g-ay  re  axraacostc igw  ’»;ai'on  .,rat  a 
totita  acraa  ina  ttjjc'  rat,mr  Tntafasojic  '-aga  skja  rew 
riUTior  rona  a  S.rractcr  ~ac»  ass  cac^re:  air*  4H3ar« 
'jar.  o'  rT*gamnt*f»pr».irl**aiiiT*ga  Thtflfri  j»o«nj«c»g»  In 
ru  ttqjm  njerj:  a  ft  3*-*^  was  a:  car  O'  nricrea*  ndcxat  a  -  3 
avjjta  «  ntr  sae^  riff*  reracJ  art  rrrge  *jc  garner*  :  ii  due  so  a 
age  3o3e  .«os  inlnor«ngt<»aiacr3an  «c*j»  3  Ucittacw 
wtnSWT-^ao  a-OAaaaairficarcv  Nfrw  :rcmaoejr:cagT«  r*n  Tiae 
1  ac*.afl*idi  penang  a-waiac  ca-ar  nnxjaai  p  <  GOO!.  Tha  rnr  aa* 
-a:-a*9T ranflirdr'cr ; 4  •®<C06 


:Fig  Ahhcxgh  SWVT-IGD  *d  to  a  cantistem.T  njgner 
p  hot  na  coutt  »c  tuna.,  p-ain  sir^;.e-va  _ed  carbon  nanotubet  ed 
orty  10  a  Temporary  inoaate  in  the  phot  01  coutt  i:  tuna  of  the 
tumour  \P  <  QC»:  when  company;  emire  time-curve*,  and 
?  <  QOS  when  comparing  the  tigna.t  at  each  time  point 
independently;.  Tne  temporary  photoicouttic  tuna  observed  far 
pu in  ung.e-va.jed  carbon  nanotubet  it  JkeJy  caused  by 
circuuniy  nanotubet  that  are  eventua.rv  caared  from  the 
hoodwaam  Converse  b;  SUrST-RGD  bind  to  the  tumour 
vatcuature.  creating  a  continent  photoicouttic  tuna  from  tne 
tumour.  On  average.  at  4h  pot: -injection,  tne  SVST-RGD 
retuted  in  '•i  timet  greater  increase  in  photoacouttic  tuna 
com  pi  red  witn  p-ain  ungje-va..ed  carbon  nanotubet  Tne 
percentage  imected  dote  per  gram  of  tissue  vat  ca.cuated  to  be 
*'-;4%IDg"1  !tee  iupp.ementan  Information; 
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:|ur«  4  '4a  dalrt  aTi  r  aw  rtimt.rc  tujk  By  Parian  er  n«> 
mcnoaaacy  a  »rteg*:T«crtfi3jrTnuainrrtoeriar»  arascodTQ 
SHcnoaoajr.  c  auractai  -nac*  g-aart  itoa"  as  xr rorj  »  cartnougn?* 
cjTtxrt  i*a  na  gcniouitcicr  rtaxmo’-r*  Arsscaas  re  acrrac 
a  x  a  =ara'  T-  cmDaoa  sc  Mcai-yanae  wCnoeng-ige-Aa  aflerar 
^TT-aat  ar.« mantas jtty  t\JA at  rr  ca  sronaaaaura andPrng-i 
«gni>aarrand\Ai9imlBi  foactm  wtttI8Wr«RGOiri0«.r*ida0u»i<  tie 
3/TtOLrs  r a  r  9*  sat*  o' rrat  on  •  ■  -na;»  a  Compr-aon  sartAeaTtne 
Tcraxajr.c  8918  of  tna  turnon  f  tfieier  re  m-arrs^i  a;^  at 
*om  wsuciadaimaLrt  Cng*  '<006 


\ve  funner  validated  our  pnotoacouttu  retutt  uti  ru  a 
Raman  microscope.  at  an  independem  method  for  detection  of 
singie-vaued  carbon  nanotubet  At  the  conclusion  of  the 
pnotoacoutnc  study.  4  h  por.-iniectioa  the  mice  were  sacrificed, 
the  tumourt  were  turgica.  v  removed  and  scanned  ec  vtve  under 
a  Raman  microscope  The  two-dime  nciona  Raman  imaget  of  the 
noted  tumourt  were  found  to  match  the  photoacouse  imaget 
;Fig  4a;  Tne  mean  Raman  tigna.  from  the  tumourt  vat 
ca.cuated  from  the  Raman  imaget  Simuarh'  to  the 
pn  at  oa  coutt  ic  resu.li,  the  Raman  tigna.  from  tne  tumourt  vat 
--4  timet  higher  in  mice  injected  with  S\\rNT- RGD  tnan  in 
mice  inieced  with  puin  ttpgie-waled  carbon  nanotubet  Fig  4b 
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i  ^c^ue-ce  rage  -jtf  c1  i  inuu  ’  acm  a  t  jC— =  jD  wtiia  ita  ’uj  th  dinar  Lcntr  ?re  e-ht  britfTfl  cca  m  r.^  Tags  utmi-nTe 

■l^inpap  wHidiiDQ---  3D  tc^ caches.  vacc-anjaad  b  VimrdimQjain  a  Ha^nra:  r,  ma’s  m3  d.  vera.  a:  dans  s  oasti  Sm  HD 
:  \rrav,'j:  c  rags  c*  a  ncaj  -i^cbc  v.  t  EWJT^jGD  t  to  sac  ■:  araa  >ts  ^itas  ts  \w  ra  i.-os  :■«  tt.  ■—  and  Td  aHm  iit.-h  -a  rms  ?i  Tflffi: 
t:  t : : -j  kids  t,  tu  when  x  ::  ~:e  oc^cid^Tvi^a-^i  ::  □t1  1  dHPinnrii  .  sj,  res  Alci  hip  s:r  a  m^jdaa 


UilJjm  p  nn:  na  :nus:  ■:  imaging,  apnea  in:  a  =  <n=  suffers  from 
reamers  poor  spa:ia  reso.ininn  h  >•*  ax  erpon-mialm 
degraded  sencim-cy  as  :  issue  depi'h  in  agars'1'  V.e  showed  the- 
superiority  of  our  p  ha;  oa  count:  i:  ra  :ssv  by  :rm:  pj  ring,  h  vnn 
fluorescence  .mi .in;  of  l  iimaur-aa  rgeied  qaimani  dais.  Vne 
qua  mum  dens  cornu:  j  ted  io  RGD  psjnidss**  ;QD-JtGD; 
and  iir-a  s' S'.:  tn  post  *■  infect  inn  atm:  a  fl  u  nrsccencs  iitjsi  ns 
iiumimtiD  ;Fjg.  5a  Ahhoiga  1«  quantum.  dor:  and  tinse- 
va  j«d  carbon  runo-uhe  coniugmer  might  nave  differ- iu 
hiodisirihjnnns,  ins  phmoaonurtk  images  of  Eing.s-va.i5d 
■carbon  nano:uhei  from  ihs  :  j incur  Lusiratisj  lhe  -depth* 
information  and  ihs  greater  spam  reso.Jtinn  achieved  by 
pbrnoacousiic  inuring  :nm  parse  with  Honrs  kcs  lies  imaging 
:Fis.  3h-d;  The  smeared  signa  from  the-  tumour  in  ins 
■1  unrs  scenes  image  it  -due  to  light  scat  ;ermg  Hov^s,  the 
p  hoi  oa  caustic  images  iiimj  ins  5U  iistrihinian  of  SWbTT - 
BSD  m  lhe  tumaur  >nh  rip  ipaiia':  reso.juon.  £in*.Lar  remits 
■-■srs  a. so  dtaLai-ed  in  a  pna  mom  cudy  ;sas  iu  pp  -msrean-1 
I  nnrma :  in  n.  F  is,  ii 

V.f  nai':  demon  stria  ad  that  iin£.:->a.*dcar:":m  naneninssoan 
m  apohed  as  pnoioaon  js:  k  oniftrasi  a  fans  la  nan-im-aiihs.v 
mass  tumoin.  In:  raven  a  ai  imsaion  of  eargeisi  tingje->a  lied 
■ia  rz-on  nancriioa  in  mks  jsJ  to  S  :ima  higrisr  pherioamusHc 
Lisria  in  ins  nunsnir  comparei  with  mks  iniscsJ  vnn  nrm- 
j rse:e.:  k ■  na . s j..ej  car'xtn  nancnu'nes  Our  p naioaonuck 
images  >ers  i-srineJ  using  Raman  mooscopv  on  ihs  siirgi^  jy 
removed  iiimoois,  Fjnnermors .  aor  resj.is  agreed  >iii  a  pre^-io  as 
iTJ-iV^  >nsie  radkijht.ed  iV.'tri  - RlGL1  >ere  moniiored  using 
ima.  arnma.  posn-an  emmi-nm  nm^rapnv  : m ooP ET.  In  :Se 
stjJv  LVrsT-  P.GD  vere  faund  ta  acram  u  xs  --2-3  :  imss  mors 
in  iLunoiiri  i  run  pain  sirts  s-^a  .sd  card  on  nann:  udes  Thai  sin  Ji* 
iso  showed  in t.  ins  £WST-RGD  did  nai  a-”um j jh  in  ihs 
;  issue  sinroundLpg  tins  lam  nur 

ASnst  previa  js  v  rirn.  on  photoasoiusi  k  :un:  ras:  age  m  e  mi  p'iMO  is 
.imiied  la  nan-ia  rg-ied  agsnis  sudi  as  ga.J  nan  naases  used  for 
r:  g  ":  ii.r.i  ina  i  hs  hood  ■  sts^s  in  a  ri:'s  h  rain 11  A,  r-sssm 
prs.iminan-' siudv!J  s'howod  lhad  an  indon-'anins  green  Jerhnih-e 
:  I  FLDve^ Kdi.GD'f; ;  ma-i-  he  a  pp  .kahe  fnr  p  noi  naonus!  k 


speoros^pK  imaging  of  U-STMG  i amours;  nn^^er,  ins  siudv 
vas  u  rrieJ  am  an  a  nng.e  moass  and  siaiisTt^.  ■aidaiijn  of  ins 
agem  ms  vei  io  he  snou  n  Various  goid  nanopamdes  nai-e  been 
prsvkhjsh  ku:ses:el  primarin-'  fnr  lhsir  nign  ahsnrminn 
ihajnrrrristks  and  ins  ahi,nv  la  camra.  ihsir  iperja.  wtiizn 
4_ous  mull ip.ea.ing  s: udis s’  Ffamnv.  i.neir  main  .imhaiion  is 
i  risir  rea :  n-ev  args  sire,  vnkli  kl.  sad  io  insir  rapid  i  ,ea  u  rvi: 
m-  ihs  retkiiaendoineia.  *siem  REF.  upon  imimenous 
in  kd  ioiL  It  is  passfi-  ::j:  sing  e  -'-a  _e*  -arhon  namuhes,  due 
io  indr  imique  :.i.sr,  i  ire  r  ra:  i:-  ‘  ]00;  and  Ti.gr:  surlaos  area 

io  vaiume  rai'a,  are  oa pah.e  of  minimiaiK  REi  upiaks  >nik 
ru-'ing  an  inreased  affinhv  far  mo-sour  largeis  due  lo 
miLi  h  a, aicv  sffer  i  "  A  orincsn:  ra :  inn  df  50  n  hi  of  uns..e->a  ,ed 
ca  rh  rm  nanonuha  ->ai  found  io  prodi^s  a  jdulaaoQ  usiic  signa. 
squn.a.sn:  to  mouse  :  issues  rj-oground;,  hoveL-sr,  ihs 
minimum  deieaad'fe  co ncen: raon n  of  sin:.: ->a .isd  naiibor 
runouhss  is  ,u.s.y  io  ne  .ess  l'mn  50  n.M  This  is  hecaure 
pnoioaoousik  images  w:  acquired  hefars  and  after  sns 
adm.inisaamn  of  ine  onmras:  agem,  lhus  ma  r.mg  h  pnsiihe  do 
senara:e  ihs  zomrasi  agem  signa  from  ihs  haogrounJ  sgna. 
Forth ei  haz*j round  reduction  can  he  a : r.ir-ed  hfv  pe rfarm ing 
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reconsiruaion  E>nrh>are,  or  hv  sn  rj  ndng  ine  ung.e-^  a  ..eJ 
oarhon  runni  ores'  p  roi  na  :nus:  i:  signa .  Wnn  respsr  io 
a u lsi: inn  lime,  our  currem  ms: rumen:  acquires  a  singe 
pnoioacoustk  image  in  m in u: sc  for  a  tumour 

mm*  ui  si  as.  HoweF-r,  h>  usiih  asers  with  hgner 
repel h ion  ra;es,  lcj n  Jura: inn  ^n  he  grealiy  reduced 

Vk  are  currem rv  imesriga ling  she  po:en:u.  of  sing.s-w-a ..ed 
ca  rhon  nanoiuhes  lo  sanravaxais  om  nf  ihs  .ea.*.T  vj  tcuiaturs  of 
tumouis.  Fing.:-i«a  ..e-i  n  rhnn  nano:une  en  raia sa  i  ion  is  of 
particular  imereti,  because  upon  exhipg  sns  vac-uaiure,  :ss 
runoiunes  -h-oiLd  hats  access  :o  manv  more  mo.ecujr  targets 
:nai  eim  only  on  ins  ^rtcer  c^Ts  membranes  Fuiure  >ork 
shou-d  optimLie  ihe  pani  c.es"  ■*,•:  wi  u  :mn  as  ve.  ac  bring  ne^ 
:ecnnn.ngiet  io  ns.p  quamifi'  me  -degree  of  nanoiubs 
■ei; ra--au: fan.  hjnreover.  id: ure  studies  can  monkor  various 
ru  new  n:ra  peutk  a  p  p  i: r.  io  ns  suen  a  c  irug-e  :ui  ing  im.-  a  .ed 
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Introduction 

Photoacoustic  imaging  is  an  emerging  modality  that  overcomes  to  a  great  extent  the  resolution  and  depth 
limitations  of  optical  imaging  while  maintaining  high-contrast1'6.  However,  since  many  diseases  will  not 
manifest  an  endogenous  photoacoustic  contrast,  it  is  essential  to  develop  exogenous  photoacoustic  contrast 
agents  that  can  target  diseased  area(s).  Recently,  we  showed  that  single-walled  carbon  nanotubes  (SWNTs) 
have  utility  as  targeted  photoacoustic  contrast  agents7.  Here  we  present  a  dye-enhanced  SWNT  agent  that 
markedly  increases  the  photoacoustic  contrast  in  living  tissues  by  300-times  compared  to  plain  SWNTs,  leading 
to  sub-nanomolar  sensitivities.  By  attaching  two  different  dyes  onto  the  SWNT  surface,  we  show  that  the  two 
resulting  particles  can  be  imaged  simultaneously  (multiplexing).  Intravenous  administration  of  targeted  dye- 
enhanced  SWNTs  to  tumor-bearing  mice  showed  significantly  higher  signal  in  the  tumor  than  mice  injected 
with  untargeted  particles.  Finally,  we  show  that  the  new  dye-enhanced  SWNTs  can  detect  ~20 -times  less  cancer 
cells  than  previously  reported  SWNTs. 

Results 

We  have  recently  reported  on  the  conjugation  of  cyclic  Arg-Gly-Asp  (RGD)  peptides  to  pegylated 

o  n 

SWNTs  and  their  use  as  photoacoustic  imaging  agents  .  In  order  to  enhance  the  photoacoustic  signal  of  the 
SWNTs,  we  attached  Indocyanine  Green  (ICG)  and  QSY-21  dyes  to  the  surface  of  the  SWNTs  through  pi-pi 
stacking  interactions9  (see  Methods  section  for  more  details).  The  ultra-high  surface  area  of  SWNTs  allows 
highly  efficient  loading  of  aromatic  molecules  such  as  ICG  and  QSY-21  on  the  nanotube  surface.  This  created 
two  new  kinds  of  photoacoustic  agents;  SWNT-ICG  and  SWNT-QSY  (Fig.  la).  The  particles  were  targeted 
using  the  RGD-peptide  to  avp3  integrins,  which  are  over-expressed  in  tumor  vasculature,  while  control 
untargeted  particles  were  synthesized  using  a  non-targeted  peptide,  RAD. 

The  optical  absorbance  spectra  of  the  two  new  particles  suggest  that  710  nm  and  780  nm  are  the 
preferable  wavelengths  for  scanning  SWNT-QSY  and  SWNT-ICG  respectively  (Fig.  lb).  At  their  respective 
absorbance  peaks,  the  SWNT-QSY  and  SWNT-ICG  particles  exhibit  a  17  and  20-fold  higher  absorbance 
respectively  as  compared  with  plain  SWNTs.  Since  blood  absorption  is  significantly  reduced  at  780  nm 
compared  to  710  nm,  SWNT-ICG  was  the  particle  of  choice  for  the  small  animal  experiments  for  this  study. 
Importantly,  the  attachment  of  RGD  or  RAD  peptides  to  SWNT-ICG  had  little  effect  on  the  particles’ 
absorbance.  We  constructed  a  non-absorbing  and  non-scattering  agarose  phantom  with  inclusions  of  SWNT- 
ICG-RGD  at  increasing  concentrations  from  0.5  nM  to  121.5  nM  in  multiples  of  3  (n  =  3  samples  of  each 
concentration).  The  photoacoustic  signal  produced  by  the  SWNT-ICG-RGD  particles  correlated  well  with  the 
nanoparticle  concentration  (R  =0.983)  (Fig.  lc). 

We  further  validated  that  the  new  particles  are  stable  in  serum  (see  Supplementary  Information  and 

Fig.  SI).  The  particle’s  photobleaching  (loss  of  optical  absorption  due  to  continuous  light  exposure)  was 

characterized  and  found  to  be  relatively  small,  30%  bleaching  over  60  min  of  typical  laser  irradiation  (see 
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Supplementary  Information  and  Fig.  S2).  Finally,  cell  uptake  studies  showed  specific  binding  of  SWNT-ICG- 
RGD  to  U87MG  cells  compared  with  the  control  particles  SWNT-ICG-RAD  (see  Supplementary  Information 
and  Fig.  S3). 

We  then  tested  the  particle’s  sensitivity  in  living  subjects  by  subcutaneously  injecting  the  lower  back  of 
mice  (n  =  3)  with  30  pi  of  SWNT-ICG-RAD  mixed  with  matrigel  at  increasing  concentrations  of  820  pM  to  200 
nM  in  multiples  of  3.  Matrigel  alone  produced  no  significant  photoacoustic  signal  (data  not  shown).  Upon 
injection,  the  matrigel  solidified,  fixing  the  SWNT-ICG-RAD  in  place  and  three-dimensional  (3D)  ultrasound 
and  photoacoustic  images  of  the  inclusions  were  acquired  (Fig.  2a).  While  the  ultrasound  images  visualized  the 
mouse  anatomy  (e.g.,  skin  and  inclusion  edges),  the  photoacoustic  images  revealed  the  SWNT-ICG-RAD 
contrast  in  the  mouse.  The  photoacoustic  signal  from  each  inclusion  was  quantified  using  a  three  dimensional 
region  of  interest  (ROI)  drawn  over  the  inclusion.  We  observed  a  linear  correlation  (R2  =  0.97)  between  the 
SWNT-ICG-RAD  concentration  and  the  corresponding  photoacoustic  signal  (Fig.  2b).  Tissue  background 
signal  was  calculated  as  the  average  photoacoustic  signal  in  areas  where  no  contrast  agent  was  injected. 
Extrapolation  of  the  signal-concentration  graph  reveals  that  170  pM  of  SWNT-ICG-RAD  gives  the  equivalent 
photoacoustic  signal  as  the  tissue  background  (i.e.,  signal  to  background  ratio  =  1).  This  value  represents  over 
300-times  improvement  in  sensitivity  compared  to  plain  SWNTs. 

Finally,  we  tested  the  nanoparticles  targeting  ability  in  living  mice.  Mice  bearing  U87MG  tumor 
xenografts  (150  mm3  in  size)  were  injected  through  the  tail  vein  (IV)  with  200  pi  of  either  targeted  SWNT-ICG- 
RGD  or  untargeted  SWNT-ICG-RAD  particles  (n  =  4  mice  per  group)  at  a  concentration  of  1.2  pM.  We 
acquired  3D  photoacoustic  and  ultrasound  images  of  the  entire  tumor  area  before  and  up  to  4  hours  after  the 
injection.  Mice  injected  with  the  targeted  SWNT-ICG-RGD  particles  show  significantly  higher  photoacoustic 
signal  in  the  tumor  compared  with  the  control  group  (Fig.  3a).  The  ultrasound  images  were  used  for  visualizing 
the  boundaries  of  the  tumor  as  well  as  to  validate  that  no  significant  movement  (beyond  100  pm)  had  occurred 
throughout  the  scan.  While  the  pre-injection  photoacoustic  signal  is  primarily  due  to  the  tumor’s  blood  content, 
post- injection  photoacoustic  signal  consists  of  both  blood  and  SWNT-ICG.  To  subtract  out  the  blood  signal 
from  the  images,  a  subtraction  image  calculated  as  the  2  hour  post-injection  minus  the  pre-injection  image  was 
calculated.  Measurement  of  the  photoacoustic  signal  from  a  3D  ROI  around  the  tumor  (Fig.  3b)  showed  that  the 
photoacoustic  signal  in  the  tumor  was  significantly  higher  in  mice  injected  with  SWNT-ICG-RGD  as  compared 
with  the  control  particles  SWNT-ICG-RAD  (p  <  0.001).  For  example,  at  2  hours  post-injection,  mice  injected 
with  SWNT-ICG-RGD  showed  over  100%  higher  photoacoustic  signal  in  the  tumor  than  mice  injected  with  the 
control  SWNT-ICG-RAD. 

To  compare  the  performance  of  plain  SWNT-RGD  to  SWNT-ICG-RGD,  we  incubated  U87MG  cells, 

which  express  the  target  avP3  on  their  surface,  with  either  particle  solution  for  2  hours.  After  incubation,  the 
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cells  were  washed  3  times  with  cold  saline  to  remove  unbound  particles  and  placed  in  a  phantom  at  increasing 
concentrations  from  25x1 03  to  6xl06  cells  per  well  (n  =  3  samples  per  group)  and  imaged  with  the 
photoacoustic  system  (Fig.  4a).  Quantitative  analysis  of  the  photoacoustic  signal  from  the  phantom  revealed 
that  cells  exposed  to  SWNT-ICG-RGD  were  detected  at  20-times  lower  concentration  than  cells  exposed  to 
plain  SWNT-RGD  (p  <  0.0001)  (Fig.  4a-b).  These  observations  are  consistent  with  the  optical  absorbance  of 
SWNT-ICG-RGD  being  -20  times  higher  than  plain  SWNT-RGD. 

Finally,  we  show  that  the  two  kinds  of  photoacoustic  imaging  agents  we  synthesized,  SWNT-ICG  and 
SWNT-QSY  can  be  imaged  simultaneously  due  to  their  unique,  though  overlapping,  absorbance  spectra  (Fig. 
lb).  We  created  an  agarose  gel  phantom  containing  increasing  concentrations  of  SWNT-ICG  and  decreasing 
concentrations  of  SWNT-QSY  (starting  from  100nM:0nM  up  to  0nM:100nM  respectively).  Photoacoustic 
images  of  the  phantom  were  taken  at  wavelengths  of  700,  730,  760,  780,  and  800  nm  and  a  spectral  un-mixing 
algorithm  was  then  used  to  separate  each  particle’s  signal  to  an  individual  image  (Fig.  5). 

We  have  synthesized,  characterized  and  demonstrated  the  application  of  dye-enhanced  SWNTs  as  ultra- 
high  sensitivity  photoacoustic  imaging  agents.  A  concentration  of  170  pM  was  estimated  to  produce  an 
equivalent  photoacoustic  signal  as  tissue  background  signal,  representing  300-times  higher  sensitivity  than  plain 
SWNTs  in  living  mice.  This  improvement  is  likely  due  to  both  the  higher  optical  absorption  of  the  particles  as 
well  as  the  fact  that  the  new  particle’s  absorption  peak  is  at  780nm  where  the  background  tissue  photoacoustic 
signal  is  greatly  reduced.  Intravenous  injection  of  RGD-targeted  SWNT-ICG  particles  to  tumor-bearing  mice 
led  to  significantly  greater  accumulation  of  the  particles  in  the  tumor  compared  to  non-targeted  control  particles. 
We  demonstrated  the  ability  to  multiplex  2  kinds  of  dye-enhanced  SWNTs  and  showed  the  ability  to  detect  20- 
times  fewer  cancer  cells  when  using  SWNT-ICG-RGD  as  the  imaging  agent,  as  compared  with  plain  SWNT- 
RGD.  These  results  agree  with  the  fact  that  SWNT-ICG  has  -20  times  greater  optical  absorbance  compared  to 
plain  SWNT.  Applications  of  the  enhanced  particles  may  therefore  be  exploited  to  lead  to  the  earlier  detection 
of  cancer  by  providing  the  ability  to  detect  smaller  tumors. 

The  in-vivo  targeting  study  results  are  likely  negatively  influenced  by  the  effect  of  photo -bleaching, 
where  continued  laser  light  exposure  of  tumor  causes  reduction  in  the  optical  absorption  (and  photoacoustic 
signal)  of  particles  that  are  bound  to  the  tumor.  This  particularly  affect  the  targeted  group,  SWNT-ICG-RGD, 
and  to  a  much  lesser  extent  the  untargeted  group,  SWNT-ICG-RAD,  which  continue  to  circulate  through  the 
animal’s  blood  stream  unexposed  to  laser  irradiation.  Therefore,  it  is  likely  that  the  difference  between  these 
two  groups  is  even  greater  in  reality  than  reflected  in  the  results. 

Most  of  the  work  done  on  photoacoustic  contrast  agents  has  been  focused  on  gold  nanoparticles10'12  as 
well  as  other  kinds  of  nanoparticles13’ 14.  However,  the  main  challenge  that  has  yet  been  solved  is  the  delivery  of 

such  agents  to  the  tumor  in  sufficient  amounts  to  create  detectable  and  specific  signal.  This  is  likely  due  to  the 
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particles’  large  size  that  leads  to  rapid  clearance  by  the  reticuloendothelial  system  (RES)  upon  intravenous 
injection,  preventing  the  particles  from  accumulating  at  the  tumor  site.  In  contrast,  the  SWNTs  used  here  are  1-2 
nm  in  diameter  and  50-300  nm  in  length.  Since  the  dye  we  used  was  attached  to  the  surface  of  the  SWNTs, 
under  the  PEG,  it  is  expected  that  the  total  particle  size  was  not  significantly  changed,  thereby  allowing  the 

O 

particles  to  keep  a  favorable  bio-distribution  as  previously  reported  .  Hence,  the  dye-enhanced  SWNTs 
presented  in  this  work  offer  unprecedented  photoacoustic  signal  strengths  while  maintaining  relatively  small 
size  allowing  them  to  target  tumors  upon  intravenous  injection.  We  have  also  previously  published  pilot 
toxicology  studies  of  the  SWNTs  with  encouraging  results  in  mouse  models15  as  well  as  observed  they  are  able 
to  be  excreted  via  the  biliary  pathway16. 

The  reason  for  loading  a  SWNT  with  many  small  dye  molecules  is  the  high  efficiency  of  optical 
absorption  of  these  dyes  as  compared  to  their  weight.  By  this  measure  of  absorption  divided  by  weight,  ICG  is 
7-times  more  efficient  than  SWNT  and  ~8500-times  more  efficient  than  commercial  gold  nanorods  with  peak 
absorption  at  780  nm. 

The  dye-enhanced  SWNT  photoacoustic  contrast  agents  reported  here  have  the  capability  to  bind  to 
molecular  targets  while  maintaining  a  high  photoacoustic  signal.  No  other  imaging  modalities  or  reported 
imaging  agents  have  the  precise  depth  information  and  sub -millimeter  spatial  resolution  at  sub-nanomolar 
sensitivity  that  can  be  achieved  with  photoacoustic  imaging  of  dye-enhanced  SWNTs. 


Methods 

Dye-enhanced  SWNTs  synthesis 

A  complete  description  of  the  synthesis  of  SWNT-RGD  and  SWNT-RAD  can  be  found  elsewhere8.  250nM 
SWNT-RGD  or  SWNT-RAD  was  incubated  with  2mM  Indocyanine  Green  (ICG)  molecules  for  overnight.  ICG 
(Spectrum  Laboratory  Products,  CA)  (20  mM)  was  dissolved  in  DMSO  first  and  then  added  to  SWNT  water 
solutions  with  a  final  DMSO  concentration  of  10%  by  volume.  Unbound  ICG  molecules  were  removed  from 
the  solution  by  filtration  through  100  kDa  centrifuge  filters  (Millipore)  and  washed  for  6-8  times.  The  SWNTs 
used  in  this  work  were  50-300  nm  in  length  and  1-2  nm  in  diameter.  The  molar  concentrations  are  based  on  an 
average  molecular  weight  of  170  kDa  per  SWNT  (150  nm  in  length  and  1.2  nm  in  diameter).  SWNT-QSY 
particles  were  synthesized  the  same  way  except  replacing  ICG  with  QSY-21. 

Statistical  methods.  For  the  SWNT-ICG  tumor  targeting  experiment,  we  used  a  mixed  effects  regression  of 
signal  on  fixed  factors  of  time,  the  square  of  the  time,  and  group,  and  random  factor  of  mouse  to  test  the 
hypothesis  that  mice  injected  with  SWNT-ICG-RGD  showed  an  increased  photoacoustic  signal  over  time  in  the 

tumor  compared  with  the  control  group  injected  with  SWNT-ICG-RAD.  There  were  significant  effects  of  group 
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(Group  1  higher  than  Group  2,  p=.001),  and  linear  and  quadratic  effects  of  time  (p<.001  and  p=.019, 
respectively).  There  was  no  significant  interaction  between  group  and  time  effects  (p=.915).  For  the  cell  uptake 
studies,  we  used  the  1-tailed  student’s  t-test  to  test  whether  the  group  in  which  U87MG  cells  were  exposed  to 
SWNT-ICG-RGD  had  statistically  higher  signal  than  the  group  of  cells  that  was  exposed  to  SWNT-ICG-RAD. 
For  the  experiment  comparing  SWNT-ICG-RGD  to  SWNT-RGD  in-vitro,  signal  was  compared  between  groups 
by  a  Wilcoxon  test  stratified  by  cell  concentration.  All  statistics  were  done  with  Stata  Release  9.2  (StataCorp 
LP,  College  Station,  TX). 

Mouse  arrangement  in  the  photoacoustic  system.  All  animal  experiments  were  performed  in  compliance  with 
the  Guidelines  for  the  Care  and  Use  of  Research  Animals  established  by  the  Stanford  University  Animal  Studies 
Committee.  A  complete  description  of  the  photoacoustic  system  can  be  found  in  the  Supplementary 
Information.  Female  nude  mice  were  used  for  all  the  photoacoustic  studies.  The  mice  that  were  scanned  in  the 
photoacoustic  system  were  fully  anesthetized  using  isoflurane  delivered  through  a  nose-cone.  Prior  to  the 
photoacoustic  scan,  the  areas  of  interest  were  covered  with  agar  gel  to  stabilize  the  area  and  minimize  any 
breathing  and  other  motion  artifacts.  A  saran-wrap  water  bath  was  placed  on  top  of  the  agar  gel.  An  ultrasonic 
transducer,  placed  in  the  water  bath,  was  therefore  acoustically  coupled  to  the  mouse  tissues.  This  setup  allowed 
the  ultrasonic  transducer  to  move  freely  in  3D  while  not  applying  any  physical  pressure  on  the  mouse. 

SWNT-ICG  tumor  targeting  in  living  mice.  Two  groups  of  female  nude  mice  (n  =  3  in  each  group)  6-8  weeks 
old  were  inoculated  subcutaneously  at  their  lower  right  back  with  107  U87MG  cells  (American  Type  Culture 
Collection,  ATCC)  suspended  in  50  pi  of  saline  (PBS  pH  7.4  IX,  Invitrogen).  The  tumors  were  allowed  to  grow 
to  a  volume  of  ~100-150  mm  .  Before  the  injection,  photoacoustic  and  ultrasound  images  of  the  mice  were 
taken.  Photoacoustic  excitation  light  was  780  nm  to  match  the  absorption  peak  of  SWNT-ICG.  The  mice  were 
then  injected  with  200pl  of  1.2pM  or  either  targeted  SWNT-ICG-RGD  or  control  SWNT-ICG-RAD  into  the 
tail-vein  (IV).  During  the  injection  the  mice  positioning  was  not  changed.  After  the  injection,  photoacoustic  and 
ultrasound  images  were  acquired  at:  0.5,  1,  2,  3,  4  hrs.  post-injection.  The  scanning  area  varied  between  mice 
depending  on  the  tumor  orientation,  but  typically  was  ~10  mm  x  10  mm,  with  a  step  size  of  0.25  mm.  At  4  hr 

1  n 

post- injection,  the  mice  were  sacrificed.  Using  AMIDE  software  ,  a  three  dimensional  ROI  was  drawn  over  the 
tumor  volume  (which  was  clearly  illustrated  in  the  ultrasound  images).  The  mean  photoacoustic  signal  in  the 
tumor  ROI  was  calculated  for  each  photoacoustic  image. 
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Figure  1.  Characterization  of  the  dye-enhanced  SWNT.  a,  Illustration  of  SWNT-ICG  and  SWNT-QSY.  ICG 
and  QSY-21  (red  molecules)  are  attached  to  the  SWNT  surface  through  non-covalent  pi-pi  stacking  bonds. 
Polyethylene  glycol-5000  (blue  molecules)  is  conjugated  to  a  targeting  peptide  in  one  end  and  to  the  SWNT 
surface  on  the  other  end  through  phospholipids,  b,  Optical  spectra  of  plain  SWNT  (green),  SWNT-ICG-RGD 
(red),  SWNT -ICG-RAD  (blue)  and  SWNT-QSY-RGD  (black).  The  similarity  of  SWNT-ICG-RAD  and  SWNT- 
ICG-RGD  spectra  suggests  that  the  peptide  conjugation  does  not  notably  perturb  the  photoacoustic  signal,  c, 
The  photoacoustic  signal  produced  by  SWNT-ICG  was  observed  to  be  linearly  dependent  on  the  concentration 
(R2  =  0.9833). 


Photoacoustic 

Signal 


24 


0.01  0.10  1.00  10.00  100.00  1000.00 

Concentration  InMl 

Figure  2.  Photoacoustic  detection  of  SWNT-ICG  in  living  mice,  a,  Mice  were  injected  subcutaneously  with 
SWNT-ICG  at  concentrations  of  0.82-200  nM.  The  images  represent  ultrasound  (gray)  and  photoacoustic 
(green)  vertical  slices  through  the  subcutaneous  injections  (dotted  black  line).  The  skin  is  visualized  in  the 
ultrasound  images,  while  the  photoacoustic  images  show  the  SWNT-ICG  distribution.  The  white  dotted  lines  on 
the  images  illustrate  the  approximate  edges  of  each  inclusion,  b,  The  photoacoustic  signal  from  each  inclusion 
was  calculated  using  3D  regions  of  interest  and  the  ‘background’  represents  the  endogenous  signal  measured 
from  tissues.  The  error  bars  represent  standard  error  (n  =  3  mice).  Linear  regression  (R2  =  0.97)  of  the 
photoacoustic  signal  curve  estimates  that  a  concentration  of  170  pM  of  SWNT-ICG  will  give  the  equivalent 
background  signal  of  tissues. 
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Figure  3.  SWNT-ICG-RGD  tumor  targeting  in  living  mice,  a,  Ultrasound  (gray)  and  photoacoustic  (green) 
images  of  one  vertical  slice  through  the  tumor  (dotted  black  line).  The  ultrasound  images  show  the  skin  and  the 
tumor  boundaries.  Subtraction  photoacoustic  images  were  calculated  as  2  hr  post-injection  minus  pre-injection 
images.  As  can  be  seen  in  the  subtraction  images,  SWNT-ICG-RGD  accumulates  in  higher  amount  in  the  tumor 
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as  compared  to  the  control  SWNT-ICG-RAD.  b,  Mice  injected  with  SWNT-ICG-RGD  showed  significantly 
higher  photoacoustic  signal  than  mice  injected  with  the  untargeted  control  SWNT-ICG-RAD  (p  <  0.001).  The 
error  bars  represent  standard  error  (n  =  4  mice) 
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Figure  4.  Comparison  of  plain  SWNT-RGD  to  SWNT-ICG-RGD.  a.  Photoacoustic  vertical  slice  image 
through  a  gel  phantom  containing  increasing  number  of  cells  exposed  to  SWNT-ICG-RGD  and  SWNT-RGD. 
While  1.7xl06  cells  exposed  to  SWNT-RGD  are  barely  seen  on  the  image,  a  clear  photoacoustic  signal  was 
observed  from  1.4xl05  cells  exposed  to  SWNT-ICG-RGD.  The  signal  inside  the  ROI  (dotted  white  boxes)  is 
not  homogenous  due  to  possible  aggregates  of  cells,  b.  Quantitative  analysis  of  the  photoacoustic  signals  from 
the  phantom  (n  =  3)  showed  that  SWNT-ICG-RGD  can  see  ~20-times  less  cancer  cells  than  SWNT-RGD  can  (p 
<  0.0001).  The  background  line  represents  the  average  background  signal  in  the  phantom.  Linear  regression  was 
calculated  on  the  linear  regime  of  both  curves. 
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Figure  5.  Multiplexing  of  SWNT-ICG  with  SWNT-QSY  particles  in  a  phantom.  A  phantom  with  various 
concentrations  of  SWNT-ICG  and  SWNT-QSY  was  scanned  under  the  photoacoustic  instrument  at  wavelengths 
of  700,  730,  760,  780,  and  800  nm.  A  spectral  un-mixing  algorithm  based  on  least-squares  was  used  to  separate 
the  signals  of  SWNT-ICG  particles  (green)  from  SWNT-QSY  particles  (red).  Notice  that  no  SWNT-QSY  signal 
is  seen  in  the  well  with  pure  SWNT-ICG  and  vice  versa,  despite  the  fact  that  the  two  particles  have  overlapping 
spectra. 
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3.  Abstract  presented  SPIE  2009: 


Title:  Photoacoustic  Molecular  Imaging  using  Single  Walled  Carbon  Nanotubes  in  Living  Mice 


Authors:  Adam  de  la  Zerda1,2,  Cristina  Zavaleta1,  Shay  Keren1,  Srikant  Vaithilingam2, 

Sunil  Bodapati1,  Robert  Teed1,  Zhuang  Liu3,  Jelena  Levi1,  Bryan  R.  Smith1,  Te-Jen  Ma2, 
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Omer  Oralkan  ,  Zhen  Cheng  ,  Xiaoyuan  Chen  ,  Hongjie  Dai  ,  Butrus  T.  Khuri-Yakub  ,  Sanjiv  S.  Gambhir  ’ 


Abstract  Text  for  Online  or  Printed  Programs  (100  words,  early  release) 

Photoacoustic  molecular  imaging  is  an  emerging  modality  offering  non-invasive  high  resolution  imaging  of 
diseases  using  an  external  photoacoustic  imaging  agent.  Here  we  demonstrate  for  the  first  time  the  utility  of 
single  walled  carbon  nanotubes  as  disease-targeted  photoacoustic  imaging  agents  in  living  mice.  The  carbon 
nanotubes  were  conjugated  to  RGD-peptides  to  target  the  avp3  integrin  that  is  associated  with  tumor 
angiogenesis.  Intravenous  administration  of  these  targeted  carbon  nanotubes  to  tumor-bearing  mice  showed 
significantly  higher  photoacoustic  signal  in  the  tumor  as  compared  to  non-targeted  carbon  nanotubes.  These 
results  were  verified  ex -vivo  using  a  Raman  microscope  that  is  sensitive  to  SWNTs  Raman  signal. 

Keywords: 

Photoacoustic  Imaging 
Opotoacoustic  Imaging 
Molecular  Imaging 
Carbon  Nanotubes 

Abstract  Text  for  Technical  Review  Purposes  (250  words,  publicized  during  the  meeting) 

Photoacoustic  molecular  imaging  is  an  emerging  technology  offering  non-invasive  high  resolution  imaging  of 
the  molecular  expressions  of  a  disease  using  a  photoacoustic  imaging  agent.  Here  we  demonstrate  for  the  first 
time  the  utility  of  single  walled  carbon  nanotubes  (SWNTs)  as  targeted  imaging  agents  in  living  mice  bearing 
tumor  xenografts.  SWNTs  were  conjugated  with  polyethylene-glycol-5000  connected  to  Arg-Gly-Asp  (RGD) 
peptide  to  target  the  avP3  integrin  that  is  associated  with  tumor  angiogenesis. 

In-vitro,  we  characterized  the  photoacoustic  spectra  of  the  particles,  their  signal  linearity  and  tested  their  uptake 
by  avP3-expressing  cells  (U87MG).  The  photoacoustic  signal  of  SWNTs  was  found  not  to  be  affected  by  the 
RGD  conjugation  to  the  SWNTs  and  was  also  found  to  be  highly  linear  with  concentration  (R2  =  0.9997  for  25- 
400nM).  The  cell  uptake  studies  showed  that  RGD-targeted  SWNTs  gave  75%  higher  photoacoustic  signal  than 
non-targeted  SWNTs  when  incubated  with  U87MG  cells. 

In-vivo,  we  measured  the  minimal  detectable  concentration  of  SWNTs  in  living  mice  by  subcutaneously 
injecting  SWNTs  at  increasing  concentrations.  The  lowest  detectable  concentration  of  SWNTs  in  living  mice 
was  found  to  be  50nM.  Finally,  we  administered  RGD-targeted  and  non-targeted  SWNTs  via  the  tail-vein  to 
U87MG  tumor-bearing  mice  (n=4  for  each  group)  and  measured  the  signal  from  the  tumor  before  and  up  to  4 
hours  post-injection.  At  4  hours  post-injection,  tumors  of  mice  injected  with  RGD-targeted  SWNTs  showed  8 
times  higher  photoacoustic  signal  compared  with  mice  injected  with  non-targeted  SWNTs.  These  results  were 
verified  ex -vivo  using  a  Raman  microscope  that  is  sensitive  to  the  SWNTs  Raman  signal. 
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4.  Abstract  2  presented  at  SPIE  2009: 

Enhanced  Sensitivity  Targeted  Photoacoustic  Molecular  Imaging  Agents  in  Living  Mice 

Adam  de  la  Zerda,  Zhuang  Liu,  Cristina  Zavaleta,  Sunil  Bodapati,  Robert  Teed,  Srikant  Vaithilingam,  Te-Jen 
Ma,  Omer  Oralkan,  Xiaoyuan  Chen,  Butrus  T.  Khuri-Yakub,  Hongjie  Dai,  Sanjiv  Sam  Gambhir 

Abstract  Text  for  Online  or  Printed  Programs  (100  words,  early  release) 

Photoacoustic  imaging  of  living  subjects  offers  significantly  higher  spatial  resolution  at  increased  tissue  depths 
compared  to  purely  optical  imaging  techniques.  We  developed  a  new  version  of  extremely  bright  photoacoustic 
imaging  agent  based  on  single  walled  carbon  nanotubes  (SWNTs)  and  the  small  molecular  dye  Indocyanine 
Green  (ICG).  We  measured  the  photoacoustic  signal  from  the  new  particle  in-vitro  and  in-vivo  and  found  it  is 
17-times  higher  than  plain  SWNTs.  We  conjugated  the  particles  to  RGD-peptides  to  target  the  avp3  integrin 
associated  with  tumor  angiogenesis  and  showed  that  it  can  bind  selectively  to  tumors  when  injection 
intravenously  to  living  mice. 

Abstract  Text  for  Technical  Review  Purposes  (250  words,  publicized  during  the  meeting) 

Photoacoustic  imaging  of  living  subjects  offers  high  spatial  resolution  at  increased  tissue  depths 
compared  to  purely  optical  imaging  techniques.  We  have  recently  shown  that  intravenously  injected  single 
walled  carbon  nanotubes  (SWNTs)  can  be  used  as  targeted  photoacoustic  imaging  agents  in  living  mice  using 
RGD  peptides  to  target  avP3  integrins. 

We  have  now  developed  a  new  targeted  photoacoustic  imaging  agent  based  on  SWNTs  and  Indocyanine 
Green  (SWNT-ICG)  with  absorption  peak  at  780nm.  The  photoacoustic  signal  of  the  new  imaging  agent  is 
enhanced  by  ~17  times  as  compared  to  plain  SWNTs.  To  synthesize  this  particle,  SWNTs  were  coupled  to  RGD 
peptides  through  polyethylene  glycol-5000  grafted  phospholipid.  ICG  molecules  were  then  attached  to  the 
surface  of  each  SWNT  non-covalently  through  pi-pi  stacking  interactions. 

In-vitro,  we  measured  the  serum  stability  of  the  particles  and  through  cell  uptake  studies  with  U87MG 
cells,  we  verified  that  the  particles  bind  selectively  to  avp3  integrin.  In-vivo,  we  injected  the  imaging  agents 
subcutaneously  to  living  mice  (n=4)  and  were  able  to  detect  concentrations  as  low  as  3nM,  a  17-fold 
enhancement  in  sensitivity  over  plain  SWNTs  (p<0.05).  Finally,  we  injected  U87MG  tumor-bearing  mice  (n=4) 
with  RGD-targeted  SWNT-ICG  via  the  tail-vein.  Control  mice  were  injected  with  non-targeted  SWNT-ICG. 
Upon  administration,  the  RGD-targeted  particles  created  a  significantly  higher  photoacoustic  signal  in  the 
tumors  than  the  non-targeted  particles  (p<0.05).  These  results  were  verified  ex-vivo  using  a  Raman  microscope 
sensitive  to  the  SWNTs  Raman  signal. 

In  summary,  the  new  SWNT-based  particle  can  target  tumors  in  living  mice  while  possessing  a  very 
high  photoacoustic  signal. 
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5.  Abstract  presented  at  World  Molecular  Imaging  Congress  2009 

Ultra  High  Sensitivity  Targeted  Photoacoustic  Imaging  Agents  for  Cancer  Early  Detection  in  Living  Mice 

Adam  de  la  Zerda*,  Zhuang  Liu*,  Sunil  Bodapati,  Robert  Teed,  Cristina  Zavaleta,  Srikant  Vaithilingam, 

Xiaoyuan  Chen,  Butrus  T.  Khuri- Yakub,  Hongjie  Dai^, 

Sanjiv  Sam  Gambhir^ 

Photoacoustic  molecular  imaging  of  living  subjects  offers  high  spatial  resolution  at  increased  tissue 
depths  compared  to  optical  imaging  strategies.  We  have  recently  demonstrated  single  walled  carbon  nanotubes 
(SWNTs)  conjugated  to  Indocyanine  Green  (SWNT-ICG)  as  targeted  photoacoustic  imaging  agents  in-vitro. 

In  the  current  work,  we  created  a  significantly  improved  SWNT-ICG  particle  with  over  1000-times 
better  sensitivity  than  plain  SWNT  and  demonstrated  their  ability  to  target  tumors  when  injected  intravenously 
to  a  living  mouse. 

The  targeted  SWNT-ICG  particles  were  synthesized  by  coupling  of  ICG  molecules  to  the  surface  of 
SWNT-RGD  particles  through  pi-pi  stacking  interactions.  Control  SWNT-ICG  particles  were  created  using  the 
untargeted  SWNT-RAD  instead. 

We  verified  the  particles  are  stable  in  serum  and  target  avP3  integrin  through  cell  uptake  studies  with 
U87  cells.  We  found  the  photoacoustic  signal  produced  by  the  particles  to  be  highly  linear  to  their  concentration 
both  in  phantom  studies  (R  =  0.99)  as  well  as  in  living  mice  injected  with  the  particles  subcutaneously  (R  = 
0.971).  We  further  measured  the  detection  sensitivity  of  SWNT-ICG  in  living  mice  (n  =  3  mice)  and  found  it  to 
be  30  pM.  This  represents  more  than  3  orders  of  magnitude  improvement  compared  to  plain  SWNTs  sensitivity 
in  living  mice  (p  <  0.05).  Furthermore,  xenograft-bearing  mice  were  tail-vein  injected  with  RGD-targeted 
SWNT-ICG.  At  2  hours  post-injection,  mice  injected  with  the  RGD-targeted  particles  showed  2.1 -times  higher 
photoacoustic  signal  in  the  tumor  compared  to  mice  injected  with  control  particles  (p  <  0.05,  n  =  4  mice). 
Finally,  we  demonstrated  the  superiority  of  the  SWNT-ICG-RGD  particles  by  incubating  them  with  U87  cells 
and  detecting  in  living  mice  1000-times  such  cells  than  if  the  cells  were  incubated  with  plain  SWNT-RGD. 

This  is  the  first  photoacoustic  imaging  agent  tested  and  targeted  in  living  animals  that  we  know  of  that 
can  reach  such  a  high  sensitivity  of  30  pM. 
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Mice  injected  with  RGD-targeted  SWNT-ICG  showed 
significantly  higher  photoacoustic  signal  at  2  hours  post¬ 
injection  compared  to  mice  injected  with  control  particles 
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